Active segregation of bacterial chromosomes usually involves the action of ParB proteins, which bind in proximity of chromosomal origin (oriC) regions forming nucleoprotein complexes -segrosomes. Newly duplicated segrosomes are moved either uni-or bidirectionally by the action of ATPases -ParA proteins. In Mycobacterium smegmatis the oriC region is located in an off-centred position and newly replicated segrosomes are segregated towards cell poles. The elimination of M. smegmatis ParA and/or ParB leads to chromosome segregation defects. Here, we took advantage of microfluidic time-lapse fluorescent microscopy to address the question of ParA and ParB dynamics in M. smegmatis and M. tuberculosis cells. Our results reveal that ParB complexes are segregated in an asymmetrical manner. The rapid movement of segrosomes is dependent on ParA that is transiently associated with the new pole. Remarkably in M. tuberculosis, the movement of the ParB complex is much slower than in M. smegmatis, but segregation as in M. smegmatis lasts approximately 10% of the cell cycle, which suggests a correlation between segregation dynamics and the growth rate. On the basis of our results, we propose a model for the asymmetric action of segregation machinery that reflects unequal division and growth of mycobacterial cells.
Introduction
In the bacterial cell cycle the choreography of chromosome replication and segregation is remarkably precise. Fluorescence microscopy has revealed that the localisation of specific chromosomal regions and proteins involved in chromosome replication and segregation varies depending on the bacterial species (ReyesLamothe et al., 2012; Wang et al., 2013) . In Vibrio cholerae and Caulobacter crescentus, the origin of replication (oriC) is anchored at one pole of the cell and the rest of the chromosome is arranged along the longitudinal axis. In other bacteria, such as Escherichia coli or vegetatively growing Bacillus subtilis, the oriC region remains in the central part of the cell whereas chromosome arms occupy separate cell halves. Shortly after their replication, the oriC regions, followed by the subsequently replicated chromosomal regions, are transported symmetrically from a central position towards opposite poles. In some bacteria, such as C. crescentus and V. cholerae (chromosome I), replication takes place near one cell pole and one of the newly replicated chromosomes is transported unidirectionally towards the opposite pole (Badrinarayanan et al., 2015) . Most of the research on spatiotemporal organisation and segregation of chromosomes has until now focussed on fastgrowing model organisms and relatively little is known about chromosome organisation and dynamics during the cell cycle of slow-growing bacteria such as mycobacteria.
Active segregation of chromosomes in most bacteria requires ParAB proteins, an exception being gammaproteobacteria, including E. coli, which do not possess parAB homologues (Mierzejewska and Jagura-Burdzy, 2012) . In some species, such as C. crescentus and Myxococcus xanthus, deletion of the parAB genes is lethal (Mohl and Gober, 1997; Harms et al., 2013) ; in others, parAB deficiency results in chromosome missegregation of varying severity, depending on the species (10-30% anucleate cells in Mycobacteriu smegmatis, Corynebacterium glutamicum and Pseudomonas aeruginosa, but only about 1% in B. subtilis) (Lasocki et al., 2007; Donovan et al., 2010; Minnen et al., 2011; Mierzejewska and Jagura-Burdzy, 2012; Ginda et al., 2013) . ParB is a DNA-binding protein and its interactions with parS sequences, which are usually located near oriC, lead to formation of a nucleoprotein complex called the segrosome. Spreading of ParB on adjacent DNA and intermolecular interactions facilitate formation of a complex that organises the newly replicated oriC regions (Chaudhuri and Dean, 2011; Wang et al., 2013; Graham et al., 2014; Broedersz et al., 2014; Chen et al., 2015; Sanchez et al., 2015; Funnell, 2016) . ParA proteins are Walker A ATPases that dimerise in an ATP-dependent fashion and interact non-specifically with DNA (Leonard et al., 2005) . ParA also can interact with ParB-parS complexes and participates in their correct positioning within the cell (Gerdes et al., 2010; Lutkenhaus, 2012) . Molecular mechanism of ParA function has been under debate -it has been proposed, that dynamic ParA filaments participate in pulling ParB-DNA complexes within cell (Ebersbach and Gerdes, 2004; Lim et al., 2005; Ebersbach et al., 2006; Fogel and Waldor, 2006; Hatano et al., 2007; Gerdes et al., 2010; Iniesta, 2014; Ptacin et al., 2014) . However, more recent findings suggest, that ParA dimers (or short filaments) translocate partition complexes on the surface of the nucleoid through diffusion-ratchet mechanism. Additionally, it has been shown that chromosome elasticity may contribute to the movement of segrosomes (Vecchiarelli et al., 2010 (Vecchiarelli et al., , 2014 Hwang et al., 2013; Lim et al., 2014; Sanchez et al., 2015; Zhang and Schumacher, 2017) .
The genus Mycobacterium includes the human pathogens M. tuberculosis and M. leprae, which are the causative agents of tuberculosis and leprosy respectively. The cell cycle of these slow-growing microorganisms is particularly interesting in the light of recent reports describing an unusual mode of growth and division in mycobacteria (Aldridge et al., 2012; Joyce et al., 2012; Santi et al., 2013; Singh et al., 2013) . In contrast to well-studied model bacteria such as E. coli and B. subtilis, which divide symmetrically (Typas et al., 2012) , division in mycobacteria is asymmetric, resulting in daughter cells that differ in their size and growth rate. Although parAB genes might be essential in M. tuberculosis, they are not essential in M. smegmatis (Sassetti et al., 2003; Jakimowicz et al., 2007; Ginda et al., 2013) . However, deletion of parA or parB in M. smegmatis results in chromosome segregation defects and accumulation of 10 or 30% anucleate cells in DparB or DparA cultures respectively. In M. smegmatis fluorescently labelled ParA has been observed as accumulating at the cell poles with a visible patch of fluorescence in between (Ginda et al., 2013) . In the longest cells, ParA also formed a complex in the middle of the cell, suggesting that ParA might be associated, at least transiently, with the nascent septum at some stage of cell division. Consistent with this idea, ParA was shown to co-localise and interact with the polar growth determinant Wag31 (DivIVA homologue). In exponential-phase cultures, the majority of cells contain two ParB complexes near the quarter-cell positions; the number and subcellular positioning of these ParB complexes is disturbed in DparA cells (Ginda et al., 2013) . Recent reports have demonstrated the rapid separation of ParB complexes soon after the initiation of chromosome replication (Santi and McKinney, 2015; Trojanowski et al., 2015) but the role of ParA in segregating ParB complexes has not been investigated until now. Also, the dynamics of chromosome segregation of very slow growing M. tuberculosis remained unexplored.
Based on the subcellular localisation of ParA (polar complexes accompanied by diffuse signal along the cell), interaction of ParA with Wag31 at the cell poles and ParB mislocalisation in the absence of ParA, we hypothesised that ParA might form dynamic assemblies, anchored at the cell poles, that position ParB complexes within the cell. Moreover, asymmetric division of mycobacterial cells may be reflected and possibly influenced by the spatiotemporal localisation of the chromosome segregation proteins. We tested these ideas by using time-lapse fluorescence microscopy to track the subcellular dynamics of ParA and ParB proteins during growth and division of fast-growing M. smegmatis and slowgrowing M. tuberculosis. We report that newly replicated ParB complexes are rapidly segregated towards opposite cell poles in a asymmetric fashion. Accurate formation, spatial positioning and movement of ParB complexes is facilitated by ParA, as demonstrated by the disruption of these processes in DparA cells. Based on our results, we propose a model of partially asymmetric chromosome segregation during the mycobacterial cell division cycle.
Results
ParB complexes segregate asymmetrically in M. smegmatis
We imaged the subcellular position of ParB complexes in M. smegmatis using a dual-reporter strain that expresses a functional ParB-mCherry fusion protein from the parB chromosomal locus and a Wag31-GFP fusion protein from a single-copy plasmid integrated at the chromosomal attB locus (Santi et al., 2013; Santi and McKinney, 2015) . Growth and cell morphology of the reporter strain appeared normal and ParB-mCherry formed discrete intracellular foci (Fig. 1A) , as reported previously (Ginda et al., 2013; Santi et al., 2013; Santi and McKinney, 2015) . In exponentially growing cultures, the majority (93%) of cells contained two ParB foci while a small fraction contained only one ParB focus, three or four ParB foci (Fig. 1B) , in agreement with previous observations (Ginda et al., 2013) . Localisation of ParB foci was asymmetric relative to midcell in cells with a single focus (41 6 5% of cell length relative to the closest pole) and near the quarter-cell positions in cells with two foci (27 6 6% and 77 6 6% of cell length) (Fig. 1C) . ParB foci localised near the middle of the cell's short axis (Fig. S1A) . The bulk DNA staining revealed that in cells with two foci they localised in longitudinal axis mainly towards the outer edges of nucleoids while single ParB focus localised in the middle of nucleoid (Figs S1 and C, S3D).
We used time-lapse microscopy to track the dynamics of ParB-mCherry foci in 50 randomly selected cells of M. smegmatis at 10 min intervals from birth to division (Movie S1). We observed that periods of active segregation of ParB foci alternate with periods between segregation events; we refer to the subcellular position of ParB complexes between segregation events as the 'home position'. Time of birth was defined as the time of first appearance of the Wag31-GFP marker near midcell, which coincided with cytokinesis (Santi et al., 2013) . We found that a minority (25%) of newborn cells contained a single ParB focus localised at 42 6 7% relative to the old cell pole and slightly asymmetrically within the nucleoid bodies. The remainder (75%) of newborn cells contained two ParB foci in close proximity to each other, Wag31 signal appearance might be a late division marker (Movie S1, Fig. 2A and B, Fig. S2A ). The single ParB focus present at birth in some of the cells subsequently duplicated and then the two ParB foci segregated towards opposite cell poles until they reached the home positions, where they remained until the next duplication (Movie S1, Fig. 2A and B) . Markedly, in a subpopoluation of cells movement of one ParB complex seemed negligible while the other ParB complex moved towards the new cell pole. In the majority of cells a second chromosome segregation event occurred before cytokinesis, in agreement with the observation that the majority of newborn cells contained two ParB foci ( Fig. 2A) .
Movement of ParB complex towards the new pole is faster than the movement towards the old pole
Temporal tracking of newly duplicated ParB foci in M. smegmatis revealed that segregation is a relatively brief process lasting only 10-20 min on average from start to finish. During most of the cell cycle, the ParB complexes remained localised around the home position. Motion of ParB complexes between segregation events was apparently random: although ParB complexes did move from frame to frame in time-lapse image series, the distribution of steps was centred around zero, which means they were equally likely to occur towards or away from the nearest cell pole (Fig.  2E ). During the segregation phase, motion of ParB complexes was directionally biased along the cell's long axis with the distribution of steps centred around 20.21 6 0.29 mm for the ParB complex that migrated towards the old cell pole and 0.58 6 0.27 mm for the ParB complex that migrated towards the new cell pole (Fig. 2E) . Thus, steps during the segregation phase were directionally biased and longer than steps between segregation events. These observations indicated that segregation of chromosome origins occurs by a directed process operating along the long axis of the cell.
We compared the movement of ParB complexes before and after their duplication by measuring the mean squared displacement of ParB foci and plotting these values as a function of time (Fig. 2F) (Shebelut et al., 2010) . Before duplication, ParB complexes moved with an average velocity of 5 nm min 21 . After duplication, the ParB complex closest to the new cell pole moved rapidly towards the pole with a peak velocity of 68 6 27 nm min 21 then slowed after 30 min to a relatively stable velocity of 10 nm min
21
. The ParB complex closest to the old cell pole moved with a peak velocity of 31 nm min 21 towards the quarter-cell position (Fig. 2F ).
Time-lapse imaging at shorter (5 min) intervals revealed that the velocity of new-pole ParB and old-pole ParB can reach up to 120 nm min 21 and 70 nm min 21 , respectively, during the segregation phase (5-10 min after ParB duplication) (Fig. S2C ). The observed differences in speed and directionality of movement of new-pole-associated and old-poleassociated ParB complexes further underscore the inherent asymmetry of the segregation process.
In M. tuberculosis segrosomes asymmetry is maintained but segregation period is elongated Although M. smegmatis is frequently used as a model for mycobacteria, the interdivision time (It) of M. smegmatis ( 3 h on average) is much shorter than the It of pathogenic M. tuberculosis ( 24 h on average). This raises the possibility, that the single-cell dynamics of chromosome replication and segregation may differ between the two species, but these processes have not been studied in M. tuberculosis at the single-cell level until now.
We imaged the localisation of ParB complexes in M. tuberculosis using a reporter strain that expresses ParBmCherry fusion protein from the parB chromosomal locus (Fig. 1D ). In sharp contrast to M. smegmatis, we found that the majority of M. tuberculosis cells (77%) contained only a single asymmetrically localised ParB focus (37% 6 9 of cell length relative to the closest pole) while the remainder (23%) of cells contained two ParB foci near the quarter-cell positions (18 6 6% and 79 6 11% of cell length) ( Fig. 1E and F). Cells with three or four ParB foci were not observed. Cells with one ParB focus were shorter on average (1-2 mm) compared to cells with two ParB foci (3-4 mm). These observations suggest that asymmetric localisation of ParB complexes may be a general characteristic of mycobacterial cells and the distributions of the number of ParB complexes per cell differ between fast-and slow-growing mycobacteria.
We used time-lapse microscopy to track the dynamics of ParB-mCherry foci in 13 randomly selected cells of M. tuberculosis at 1 h intervals from birth to division (Movie S2, Fig. 2C,D) . Similarly, to M. smegmatis, M. tuberculosis exhibited asymmetry in chromosome segregation (Fig. 2C) . As in M. smegmatis, we observed that periods of active segregation of ParB foci alternated with periods between segregation events in M. tuberculosis. However, the segregation period lasted much longer in M. tuberculosis (average 2-3 h) compared to M. smegmatis (10-20 min). On average, just before duplication the single ParB complex was asymmetrically localised at 42 6 7% relative to the old cell pole, consistent with the analysis of snapshot images. After duplication the new-pole and old-pole ParB complexes segregated and eventually stabilised their positions at around 20% and 80% of the cell length respectively (Fig. 2D) .
Thus in M. tuberculosis the movement of ParB complex was slower than in M. smegmatis, which suggests the correlation between the chromosome segregation dynamics and the cell growth rate. Interestingly, similarly to M. smegmatis, M. tuberculosis exhibited asymmetry in chromosome segregation.
ParA deficiency disturbs chromosome organisation in the newborn M. smegmatis cell We used time-lapse fluorescence microscopy to assess the influence of ParA on ParB complex segregation by tracking the localisation of ParB-mCherry foci in a parA deletion (DparA) M. smegmatis strain expressing Wag31-GFP as a marker of cytokinesis (Fig. S3A ). Consistent with an earlier report (Ginda et al., 2013) , we found that the number of ParB complexes in DparA cells varied from one or two (predominant in cells of 2-5 mm length) up to seven in elongated cells (up to 9 mm) (Fig. S3B) .
In contrast to wild-type cells, which rarely (1% of cells) contained more than two ParB complexes at birth, we found that a sizable fraction (23%) of newborn DparA cells contained three or more ParB complexes. Among the small fraction (5%) of DparA cells containing only one ParB complex at birth, the focus was usually (70%) at the polar or quarter-cell position rather than the midcell position as in wild-type cells (Fig. 3A) . Among the DparA cells containing two ParB complexes at birth, the majority (60%) had one ParB complex near the old cell pole and a second ParB complex located apparently at random along the cell length. Again, this contrasts with wild-type cells with two ParB complexes at birth, in which the foci usually localise to the quarter-cell or midcell positions (Fig. 3A) . In DparA cells containing three or more ParB complexes at birth the foci localised with no obvious pattern along the cell length (data not shown). Moreover, while in the wild-type strain, ParB localised within the central part of nucleoid, in DparA cells ParB foci were closer to the edge of the nucleoid (Fig. S3D) .
Using a reporter strain in which the chromosomal attB locus is tagged with a fluorescent reporter-operator system (FROS), we found that the majority of DparA cells contained one (22%) or two (67%) attB-FROS foci, similar to wild-type cells (Santi and McKinney, 2015) , with only a minority of cells containing three (6%) or four (4%) attB-FROS foci. Consistent with the defective positioning of ParB complexes in ParA-deficient cells, the subcellular localisation of attB-FROS foci was also altered in the absence of ParA (Fig. 3B) .
In sum, ParA deficiency resulted in increased numbers of ParB complexes in newborn cells and their altered localisation. Moreover it altered the positioning of the distant chromosomal regions, which may imply that elimination of ParA affects overall nucleoid organisation.
In the absence of ParA the altered number of ParB complexes is mostly due to impaired movement of segrosome towards the new pole
The increased number of ParB complexes in a subset of DparA cells (Ginda et al., 2013) could arise either from endoreplication (successive rounds of chromosome replication without an intervening cell division) or chromosome missegregation during division (both chromosomes are inherited by one daughter cell while the other daughter cell is anucleate). We distinguished between these possibilities by tracking the duplication and movement of ParB complexes in DparA cells from birth to division. We identified three distinct patterns of movement of ParB complexes in DparA cells (Fig. 3C) . In the first pattern (61% of cells), both ParB complexes moved towards opposite poles after duplication but compared to wild-type cells their movement was slower (Fig. 3D) and their home positions after segregation were near the poles rather than the quarter-cell positions (Fig. 3C,  left) . In the second pattern (17% of cells), before duplication the lone ParB complex was situated very close to the old cell pole; after duplication one ParB focus remained close to the old pole while the other moved slowly towards the new pole until it reached the mid-cell position (Fig. 3C, middle) . In the third pattern (22% of cells), before duplication the lone ParB complex was situated very close to the old cell pole; after duplication both ParB foci remained close to the old pole and did not undergo segregation (Fig. 3C, right) . The first ParB segregation pattern followed by cell division always yielded daughter cells with normal ploidy. Cells exhibiting the third and some of the cells exhibiting second ParB segregation pattern gave rise following to one anucleate daughter cell and one daughter cell that inherited both segrosomes. If a fraction of those cells initiate the replication prior to Wag 31 appearance at the septum as in wild type strain the newborn cells are likely to contain 3 or more ParB foci.
Strikingly, subcellular positioning of ParB complexes was altered in DparA cells in relation not only to cell length but also to cell width (Fig. S3C) . Indeed, in all three patterns, movement of ParB complexes along the cell's short axis was less constrained in DparA cells compared to wild-type cells (Fig. 3E) .
Moreover, while in wild-type cells, the time between two consecutive ParB duplication events was 200 6 40 min on average, consistent with the duration and organisation of the mycobacterial cell cycle (Santi et al., 2013) . The time between ParB duplication events was similar in DparA cells, although we did observe small numbers of cells with very short or very long intervals between duplication events (Fig. S3E) . The relaxed control of the ParB duplication timing may contribute to the presence of cells with increased and decreased number of segrosomes.
Our observations suggest that the altered number of ParB complexes in ParA-deficient cells is due to missegregation of segrosomes, mainly their inefficient movement towards the new pole.
ParA promotes the interaction of ParB with parS sequences in vivo Biochemical studies have shown that ParB can interact with three oriC-proximal parS sites in vitro and this interaction is enhanced in the presence of ParA (Jakimowicz et al., 2007) . We verified these observations in vivo by comparing ChIP-Seq (chromosome immunoprecipitation sequencing) profiles of ParB pull downs from wild type and DparA cells. The profile of ParB-associated DNA from wild-type cells shows sharp peaks over three parS sites followed by a broad region of enrichment, consistent with spreading of ParB molecules along the DNA and formation of a large nucleoprotein complex (Fig. 4) . The highest enrichment was observed around two perfect parS sequences (parS1 and parS2) encompassing 8000 base pairs of adjacent DNA. The latter region includes the putative promoter of the parAB operon, which may also implicate the role of ParB in an autoregulation of the parAB promoter transcription. The ParBassociated region around parS3, which contains a single base pair mismatch compared to the parS consensus sequence, also encompasses 8000 base pairs. As expected, a minimal background signal was detected in ParB pull downs from DparB cells, which served as a negative control (Fig. 4) . Consistent with in vitro ParB-DNA binding studies (Jakimowicz et al., 2007) , ParB-DNA interactions were not detected in regions with putative ParB-binding sites, distant from oriC, that contain one or more mismatches to the parS consensus sequence (data not shown). Although the chromosomal boundaries of the detected ParB-DNA interactions are similar in wild-type and DparA cells, the ChIP-Seq coverage of parS regions in DparA cells is about twofold lower compared to wild-type cells and the sharp parS-associated peaks visible in the wild-type profiles are not apparent in the DparA profiles (Fig. 4) . Consistent with these observations, quantitative fluorescence microscopy revealed that individual ParB-mCherry foci are less bright in DparA cells compared to wild-type cells (Fig. S4B) , which may be the result of slightly lower ParB level in DparA background shown earlier (Ginda et al., 2013) . This may suggest, that ParA additionally participates, directly or indirectly, in the regulation of parB gene expression level. It may be the consequence of enhancing binding of ParB to parS sites upstream parAB genes, which would be consistent with previous results (Jakimowicz et al., 2007) . Taken together, we have observed, that deletion of the parA gene not only disturbs segrosome segregation but also influences their formation.
ParA localises asymmetrically and dynamically in the presence of ParB
In a number of species ParA homologues have been reported to exhibit dynamic subcellular localisation and ParA is important for localisation and movement of ParB complexes (Fogel and Waldor, 2006; Ptacin et al., 2010) . We used time-lapse fluorescence microscopy of a dual-reporter strain (KG29), (Ginda et al., 2013) to track the localisation of EGFP-ParA and ParB-mCherry) in M. smegmatis (Movie S3). Analysis of 15 M. smegmatis cells revealed that in newborn cells that contain a single ParB-mCherry focus (7 cells), usually positioned somewhat closer to the old cell pole, GFP-ParA tended to accumulate at the newly formed pole (Fig. 5A) . During the ParB complexes segregation the closest segrosomes remained adjacent to the edge of GFP-ParA 'cloud'. The extended patch of GFP-ParA was visible until ParB-EGFP complex reached the quarter-cell position closest to the new cell pole (Fig. 5A) . These observations indicated that extension of ParA fluorescence from the new cell pole towards the newly duplicated ParB complexes might be associated with movement of one of the ParB complexes towards the new cell pole. They also suggested that the presence of ParB might influence the dynamics of ParA.
We examined the influence of ParB on ParA dynamics by tracking the subcellular localisation and movement of GFP-ParA in ParB-deficient (DparB) cells. We observed two types of cells (Movie S4). In the majority ( 90%) of cells, the normal pattern of ParA-GFP localisation is disrupted: throughout the cell cycle the GFP-ParA signal remains dispersed in patches throughout the cell (often not reaching the cell poles) rather than accumulating at the new cell pole. Moreover, the observed in the wildtype strain dynamic changes in GFP-ParA patches' localisation does not occur (Fig. 5B, upper cell) . Cells of this type grow and divide. The remaining 10% of cells are shorter on average and stably accumulate GFPParA in bright foci at the poles with no apparent extension/retraction. Cells of this type do not grow or divide, suggesting that they are probably anucleate (Fig. 5B,   Fig. 4 bottom cell). Staining the chromosomal DNA with SYTO17 red confirmed, that ParA localises at the poles in the anucleate DparB cells (Fig. S5) .
The above observation was complemented in vitro by performing ParA sedimentation assay (Fig. S5) . Obtained results showed, that in the presence of ATP, majority of ParA remained in the supernatant fraction, suggesting the lack of higher order assemblies. At low relative concentrations of ParB (ParB:ParA ratio from 1:2 to 1:1), ParA was present in the pellet fraction, which means that ParB might stimulate ParA to form higher order complexes. However, at higher relative concentrations of ParB (ParB:ParA ratios greater than 1:1), both proteins were present in increasing amounts in the supernatant fraction. Addition of DNA also stimulated partitioning of ParA into the pellet fraction, suggesting that DNA binding changes in ParA assembly state in the presence of DNA even when ParB is absent (Fig. S5) .
Addition of ParB to reactions containing ParA and DNA neither stimulated nor inhibited the partitioning of ParA into the pellet fraction (data not shown), possibly due to DNA binding outcompeting the formation of higher order structures dependent on specific ratio of ParB.
In summary, we have shown that ParA localisation is dynamic and ParA extension/retraction from the new cell pole is associated with the movement of ParB complexes towards the pole. Additionally, we demonstrated that the presence of ParB influences subcellular localisation and dynamics of ParA in vivo and in vitro in mycobacteria.
Discussion
Although the components of bacterial chromosome segregation machinery are extensively studied, the mechanism of the segrosomes separation remains not fully understood. The mycobacterial cell cycle and chromosome segregation have been studied earlier using M. smegmatis as the model organism. Those studies revealed some characteristic features of mycobacterial cell cycle such as asymmetric polar growth and left-oriright chromosome organisation with somewhat offcentred oriC position (Aldridge et al., 2012; Santi et al., 2013; Singh et al., 2013; Kieser and Rubin, 2014) . Earlier studies have also shown that ParB complexes in M. smegmatis duplicate and segregate towards the poles soon after the initiation of replication (Santi and McKinney, 2015; Trojanowski et al., 2015) . This is the first report describing partially asymmetric oriCs segregation in bacteria having left-ori-right chromosome organisation. In most bacteria studied until now, either both newly replicated oriC regions segregate bidirectionally into opposite halves of the cell, or one oriC region moves unidirectionally from one pole to the other pole of the cell. The former pattern of segregation is observed in cells with centrally located oriC and the latter in the cells ori-ter organisation of chromosome (Wang et al., 2013; Badrinarayanan et al., 2015) . In Mycobacteria the ParB complex duplicates in an offcentred position in the cell, and the movement of the complex towards the new, more distant pole exhibits a greater velocity. Such pattern of chromosome segregation resembles Myxococcus xantus, in which oriC localises subpolarly but M. xantus differs from Mycobacteria with ori-ter chromosome organisation (Harms et al., 2013) . In wild-type M. smegmatis, the velocity of ParB complex movement rapidly increases, whereas in a DparA background, the velocity is diminished. The drop of velocity is particularly visible for the complex that moves towards the new pole, supporting the hypothesis that ParA executes asymmetrical partitioning of segrosomes. The percentage of DparA cells that exhibits patterns of ParB complexes movement that may lead to formation of cells lacking chromosome is in agreement with previous reports of number of anucleate cells in parA deletion strain (Ginda et al., 2013) . The increased number of ParB foci may also suggest increased replication initiation frequency and subsequent increase in oriC number in the absence ParA, leading to abortive replication and possible replication arrests. Previously, it has been observed, that ParA ortholog in B. subtilis (Soj) 
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regulates activity of the DNA replication initiator protein DnaA (Murray and Errington, 2008 ). While we cannot exclude this possibility, measurements of ori/ter ratio as well as replisome number in the parA deletion or overexpression strains have not indicated differences between WT and DparA strains (M. Pioro, unpublished). Elimination of ParA not only affected movement of ParB complexes along long cell axis but also led to their mislocalisation within the width of the cell. Our finding is in agreement with the report of Le Gall et al. who have demonstrated that proper volumetric localisation and segregation of partition complexes in B. subtilis requires ParA (Le Gall et al., 2016) .
The asymmetry of chromosome segregation was maintained in M. tuberculosis however our observation that 3 h are required to move ParB to the quarter-cell position challenges the idea that segregation in bacteria is a rapid process. It is possible that in extremely slowgrowing bacteria such as M. tuberculosis (doubling time 24-30 h) the segregation velocity may be limited by the slow DNA synthesis rate (Hiriyanna and Ramakrishnan, 1986) . Thus, the kinetics of chromosome segregation, similar to replication, scales with the bacterial growth rate, with the slow-growing organism (i.e., M. tuberculosis) segregating the chromosome more slowly. However, in both species (M. smegmatis and M. tuberculosis), approximately 10% of the cell cycle length was required for ParB complex to reach its 'home position' after duplication, proving that it is an active process. An interesting difference observed between M. smegmatis and M. tuberculosis is that in slow-growing bacteria, the fraction of cells with a single ParB focus is very high suggesting that (i) either the B period (time between cell division and initiation of chromosome replication) is very long compared with 'fast'-growing M. smegmatis and/or (ii) the origins remain co-localised for a long period after the initiation of DNA replication. Because we were unable to determine the timing of the initiation of DNA replication in M. tuberculosis, we could not distinguish between these two possibilities. Transposon mutagenesis studies have suggested that the ParABS system is essential in M. tuberculosis (Sassetti et al., 2003) . ParAB are also indispensable in C. crescentus, as their elimination inhibits cytokinesis (Mohl et al., 2001; Toro et al., 2008) . Our observations show that even slowgrowing bacteria with slow chromosomal replication still require the active mechanism of oriC region positioning. It is also likely that slow growth may impose additional requirement(s) for active chromosome segregation.
In M. smegmatis the rapid movement of ParB towards the new pole is associated with transient accumulation of ParA extending from this pole (Fig. 6) . The asymmetric and subpolar extension of ParA fluorescence is not consistent with previous observations of ParA polar localisation (Ginda et al., 2013) . We hypothesise that this may be due to different experimental setup (snapshots vs. time-lapse analysis) and sample treatment. In M. smegmatis ParA was shown to interact with Wag31, the polar growth determinant, which also accumulates at the septum during the cell division (Ginda et al., 2013; Santi and McKinney, 2015) . Earlier, the uneven distribution of Wag31-mCherry protein (in merodiploic strain) between the poles was associated with differences in local concentrations of ParA within the cell (Ginda et al., 2013) . The possibly transient interaction between both proteins, which may be dependent on Wag31 phosphorylation state, may account for the transient polar localisation of ParA. The accumulation of Wag31 at the septum and the new cell pole and its interaction with ParA may be related to the asymmetry of M. smegmatis chromosome segregation and the faster movement of the ParB complex towards the new pole. Thus, the apparent asymmetry in translocation of ParB complexes in M. smegmatis may be associated with the observed earlier asymmetry in cell division.
The ParA fluorescence extending from the one pole towards ParB complexes in M. smegmatis resembles an observation made for C. crescentus and V. cholera (ParAB proteins encoded by the chromosome I). In these bacteria ParB complexes have been shown to 'follow' a receding ParA structure (Fogel and Waldor, 2006; Ptacin et al., 2010; Shebelut et al., 2010) . On the basis of our studies, we cannot make a conclusion on the mechanism of ParA action, although it is likely that the ParB complex is pulled by either shortening the ParA structure or, in agreement with recent models, moved by the interaction with ParA associated with nucleoid. The ParA dynamics was lost in the absence of ParB. In most of the DparB cells, ParA was dispersed along the cell, which may reflect its interaction with the nucleoid. These data are consistent with in vitro pelleting assays, which indicate that ParA forms higher order assemblies in the presence of DNA. The accumulation of ParA at the pole of short, anucleate DparB cells indicate that the absence of nucleoid alters ParA localisation. We hypothesise that Wag31 may influence the localisation of ParA in DparB anucleate cells based on the fact that in those cells both Wag31 and ParA tended to accumulate at the old pole. The dependence of ParA dynamics on the presence of DNA has been observed in other bacteria. In C. crescentus ParB depletion or mutation quenches ParA dynamics, leading to ParA diffuse localisation (Ptacin et al., 2010) . It has been shown before that ParA-DNA binding allows ParB movement (Schumacher and Funnell, 2005; Vecchiarelli et al., 2010 Vecchiarelli et al., , 2014 Le Gall et al., 2016; Zhang and Schumacher, 2017) . Thus our results are consistent with general mechanism of ParA action in bacteria.
Additionally, we noted that ParA enhances ParB-DNA binding, but is not necessary for the ParB-mediated oriC region organisation. In our ChIP-seq experiment, even in the DparA strain, we observed strong ParB-parS binding, encompassing approximately 8 kb of chromosome. ChIP-seq analysis also showed that the absence of ParA leads to weakening of ParB binding to parS3 site and between the parS sites, leading to the formation of a less massive complex. It is also depicted in microscopy as a drop in the intensity of ParB complexes in a DparA background. However, the observed changes may also be the consequence of direct or indirect influence of ParA on the regulation of parB gene expression level. ParA may enhance binding of ParB to parS sites upstream parAB genes, which would be consistent with previous results (Jakimowicz et al., 2007) . There is also a possibility that other cellular factors contribute to higher-order segrosome organisation, including SMC (as in B. subtilis or Pseudomonas) or ParB phosphorylation (Baronian et al., 2015) .
Our observations reveal a unique for mycobacteria, partially asymmetric pattern of chromosome segregation (Fig. 6) . Based on previous reports we believe, that dynamic interplay between pairs of proteins (Wag31-ParA and ParA-ParB), which may additionally be regulated by the phosphorylation status of Wag31 and/or ParB (Nguyen et al., 2007; Baronian et al., 2015) contribute to observed asymmetry in chromosome segregation and reflects the asymmetric nature of mycobacterial cell division. Importantly, our studies have demonstrated that dynamic asymmetric chromosome segregation also takes place also in the slow-growing M. tuberculosis. In line with the long-lasting search for novel potential targets for antimycobacterial drugs, identified by our studies the unique features and interactions of mycobacterial chromosome segregation machinery contribute to dissection of mycobacterial cell cycle.
Experimental procedures

Strains and growth conditions
Strains used in the study are listed in Table 1 . M. smegmatis mc2155 (wild-type) and derivative strains were grown in Middlebrook 7H9 medium (Difco) supplemented with 0.5% albumin, 0.2% glucose, 0.085% NaCl, 0.5% glycerol and 0.05% Tween 80. For M. tuberculosis Erdman, the 7H9 medium was supplemented with OADC (oleic acid, albumin, glucose, sodium chloride; Difco). Cultures were grown at 378C with aeration to mid-log phase (optical density at 600 nm [OD 600 ] of 0.5). Aliquots were stored in 15% glycerol at 808C and thawed at room temperature before use; individual aliquots were used once and discarded. E. coli strains were grown in Luria-Bertani (LB) medium at 378C. Culture conditions and antibiotic concentrations followed standard procedures (Russell and Sambrook, 2001 ).
Microscopy
For snapshot microscopy, bacteria were grown to mid-log phase (OD600 of 0.5) in 7H9 medium, collected by centrifugation (2,400 3 g, 5 min), concentrated 10-fold in fresh 7H9 medium (378C) and passed through a 5 lm polyvinylidene difluoride syringe filter (Millipore) to remove clumps. The declumped bacteria were transferred to a glass slide with a 1% agarose pad soaked in LB medium and covered with a coverslip. Nucleoid staining was performed by incubating cells for 5 min with SYTO 17 red or SYTO 13 green (Invitrogen) diluted 1:2000 prior to microscopy at room temperature. For time-lapse microscopy, bacteria were prepared as described above, except that the declumped cell suspension was spread on a glass coverslip, covered with a semipermeable membrane and cultured in a custommade microfluidic device with a continuous flow of 7H9 medium at 378C (flow rate, 25 ll min 21 ), as previously described . Bacteria were imaged with a DeltaVision microscope (Applied Precision) equipped with a 1003 oil immersion objective and an environmental chamber maintained at 378C. Images were recorded on phase-contrast and fluorescence channels (490/20 nm ParAB dynamics in mycobacteria 465 excitation filter and 528/38 nm emission filter for GFP, 575/ 25 nm excitation filter and 632/60 nm emission filter for mCherry) with a CoolSnap HQ2 camera. Images were processed with Softworx software (Applied Precision). Cell length was measured as the sum of short linear segments tracking along the centre lines of individual cells to accommodate irregularities in cell shape. It was defined as the time interval between the first appearance of septal Wag31-GFP (birth) and the next appearance of septal Wag31-GFP (division), as previously described (Santi et al., 2013) .
Protein purification
For in vitro assays, M. smegmatis ParA and ParB proteins were purified as described previously (Jakimowicz et al., 2007; Ginda et al., 2013) . Briefly, GST-ParA and 6His-ParB fusion proteins were purified from E. coli BL21(DE3) lysates on GSH-Sepharose 4B (GE Healthcare) and on Ni 1 2 -NTAagarose columns (Qiagen) respectively. For the removal of the GST fraction, the bound GST-ParA was treated with PreScission protease (GE Healthcare) and released from the resin. The purified proteins were more than 95% homogeneous, as assessed by SDS-PAGE analysis.
Pelleting assay
During pelleting assays, ParA and 6His-ParB at 0-4 mM were mixed and incubated in a reaction buffer in a total volume of 40 ml (50 mM Tris-HCl pH 7.0, 150 mM NaCl, 5 mM MgCl 2 ) in the presence of ATP (2 mM). After 1 h preincubation in 308C, the samples were centrifuged at 258C at 436,000 g for 1 h (TLA100 rotor, Beckman Ultra TLX). The supernatants were suspended in gel-loading buffer and the pellets were resuspended in 38 ml of reaction buffer and then mixed with gel-loading buffer as well. Equal amounts of supernatants and pellets were run in SDS-PAGE and stained with Coomassie blue.
Immunoprecipitation and ChIP-seq
For immunoprecipitation, 50 ml of each M. smegmatis culture (mid-log phase, grown in 7H9 Middlebrook supplemented with OADC (oleic acid, albumin, glucose, sodium chloride; Difco) was used. First, protein-DNA complexes were cross-linked by incubation of cultures with 1% paraformaldehyde for 5 min, at 378C, with continuous shaking. Cross-linking was stopped by the addition of 0.1 M glycine pH 2.5 and incubation for another 5 min at 378C, with shaking. Next, bacteria were collected by centrifugation and washed twice with cold PBS (10 mM sodium phosphate, pH 7.4, 150 mM NaCl, 15 mM KCl) buffer and resuspended in 800 ml of cold PBS. The cell suspension was subjected to sonication for cell disruption and DNA fragmentation. The average length of the DNA fragments was 500 to 1,000 bp (evaluated by agarose gel electrophoresis). Cell extracts (80 ml) were diluted with 500 ml of IMP buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 2% Nonidet P-40, 1 mM EDTA, 1 mg ml 21 BSA, 0.02% NaN 3 ) and incubated with 8 mg of purified anti-ParB antibody for 22 h at 48C.
Subsequently, 15 ml of 50% protein A-Sephacryl resin (Thermo Scientific) equilibrated with IMP buffer was added to each extract and samples were further incubated for 4 h at 48C. The resin bound with anti-ParB IgG-ParB-DNA complexes was washed six times with 300 ml of IMP-wash buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 0.1% SDS, 0.5% Nonidet P-40 and 0.02% NaN 3 ). Next, the resin was resuspended in a mixture of 20 ml of Tris-EDTA (TE) buffer, 5 ml of 10% SDS, 5 ml of 2 mg ml 21 proteinase K and 10 ml of 50 mM CaCl 2 and incubated overnight at 658C with vigorous shaking. ParB-bound DNA was extracted with phenol-chloroform-isoamyl alcohol (25:24:1), precipitated with isopropanol in the presence of sodium acetate, and washed with 70% ethyl alcohol. The obtained DNA was subjected to next-generation sequencing on an Illumina HiSEQ2000 apparatus at The Genome Analysis Centre (TGAC; Norwich Research Park, Norwich, United Kingdom). The sequencing yielded for 13 million (for parB deletion) to 67 million (for wild-type strain) reads with average lengths of 50 bp aligned to the M. smegmatis chromosome. Coverage frequencies of specific DNA fragments were plotted against their positions on the chromosome using Integrated Genome Browser. Non-cross-linked cultures of each strain were analysed as negative controls.
